Early studies found that orthotopic liver transplantation (OLT) for hepatitis B virus (HBV)-related liver failure was associated with a very high rate of reinfection and severe and rapidly progressive liver disease, resulting in a significant decrease in graft and patient survival compared with patients transplanted for other causes of liver disease. 1,2 Various measures have been tried in an attempt to reduce the rate of reinfection. The most promising results have come from the use of long-term (Ն 6 months) high-dose hepatitis B immune globulin (HBIG). 3, 4 However, this regimen is expensive, and a significant reduction in the rate of reinfection is mainly seen in patients who have nonreplicative infection pre-OLT. Reinfection despite HBIG immunoprophylaxis may be caused by inadequate neutralization of overwhelming amounts of wildtype HBV, or to breakthrough infection by immune escape mutants.
Early studies found that orthotopic liver transplantation (OLT) for hepatitis B virus (HBV)-related liver failure was associated with a very high rate of reinfection and severe and rapidly progressive liver disease, resulting in a significant decrease in graft and patient survival compared with patients transplanted for other causes of liver disease. 1, 2 Various measures have been tried in an attempt to reduce the rate of reinfection. The most promising results have come from the use of long-term (Ն 6 months) high-dose hepatitis B immune globulin (HBIG). 3, 4 However, this regimen is expensive, and a significant reduction in the rate of reinfection is mainly seen in patients who have nonreplicative infection pre-OLT. Reinfection despite HBIG immunoprophylaxis may be caused by inadequate neutralization of overwhelming amounts of wildtype HBV, or to breakthrough infection by immune escape mutants.
The major B-cell epitopes of hepatitis B surface antigen (HBsAg) have been shown to reside in the 'a' determinant region located at amino acid positions 124-149. 5, 6 This region is conformational and is thought to consist of two loops held by disulfide bridges between cysteines 124 and 137, and cysteines 138 and 147. 7 The second loop is more conserved and confers most of the antigenicity of the 'a' determinant; this loop is sometimes referred to as the major hydrophilic region (MHR). HBV can be classified into four major subtypes: adr, adw, ayr, and ayw. Antibodies to the 'a' determinant confer protection against all subtypes of HBV. 8 Mutations in the HBV S gene have been reported in OLT recipients who developed HBV reinfection despite prophylaxis with monoclonal or polyclonal hepatitis B surface antibody (anti-HBs). McMahon et al. found amino acid substitutions in the 'a' determinant in all three patients who were reinfected despite monoclonal anti-HBs prophylaxis, 9 while the incidence of mutations in the 'a' determinant in OLT recipients who were reinfected despite HBIG prophylaxis varied from 0% to 33%. [10] [11] [12] Some of these mutations, including the glycine-to-arginine substitution at codon 145, have been shown to decrease binding to monoclonal antiHBs, suggesting that the breakthrough infections were caused by immune escape mutants. 9, 11, 13 The number of patients cited in the above studies ranged from three to seven patients; therefore, the significance of S escape mutants in HBV reinfection post-OLT remains unclear. It is also possible that additional mutations may be present in the HBV S gene outside the 'a' determinant in patients who received polyclonal anti-HBs (HBIG). Unfortunately, there are very few data on the sequence in the rest of the S gene. In addition, to date, there are no data on the reversibility of these mutations after withdrawal of HBIG therapy.
The aims of this study were to determine: 1) the prevalence of HBV S gene mutations in patients who developed HBV reinfection after OLT despite HBIG prophylaxis; 2) the correlation between the development of HBV S gene mutations post-OLT and the dose and duration of HBIG therapy; 3) the effect of these mutations on the predicted antigenicity of HBsAg; and 4) the reversibility of these mutations after withdrawal of HBIG therapy.
PATIENTS AND METHODS
Patients. Twenty patients who underwent OLT for HBsAg-positive liver failure at the Cedars-Sinai Medical Center in Los Angeles and the California Pacific Medical Center in San Francisco between 1989 and 1994 were studied. They represented consecutive patients who were reinfected despite HBIG prophylaxis at these two centers. Eighteen patients transplanted during this same period were not reinfected. Reinfection was defined as reappearance of HBsAg in serum. The 20 study patients included 18 males and 2 females, with a mean age of 45 Ϯ 2 years (range, 31-64 years) ( Table 1 ). The indications for OLT were end-stage cirrhosis in 18 patients and fulminant hepatic failure in 2 patients. Eleven (55%) patients were positive for serum HBV DNA by liquid hybridization assay before OLT. Five patients were positive for hepatitis D virus antibody before OLT.
Thirteen patients (patients 1-13) became HBsAg-positive again while they were still receiving HBIG; 7 (patients [14] [15] [16] [17] [18] [19] [20] became HBsAg-positive after discontinuation of HBIG. Reinfection occurred after a mean of 8.5 Ϯ 1.5 months (range, 1-20 months) post-OLT. The 7 patients who were reinfected after discontinuation of HBIG were scheduled to receive HBIG for a finite period per protocol (mean, 8 Ϯ 2 months; range, anhepatic phase only to 12 months). Reinfection occurred after a mean of 7 Ϯ 1 months (range, 3-11 months) after discontinuation of HBIG therapy. All the patients received 10,000 U HBIG intravenously during the anhepatic phase, followed by 3,000 U intravenously daily during the first week, and then 1,000 U intramuscularly every 1 to 4 weeks to maintain anti-HBs levels Ն100 IU/L. 14 All the patients received antirejection therapy that consisted of prednisone and cyclosporine with or without azathioprine. Four patients died from liver failure secondary to recurrent HBV-related liver disease, and 1 died from disseminated tuberculosis 16 Ϯ 3 months after OLT (range, 10-29 months) ( Table 1) . Fifteen patients are still alive 31 Ϯ 4 months (range, 6-53 months) after OLT. Two had established cirrhosis, while the other 13 had chronic hepatitis on liver biopsy.
Two patients who were reinfected 1 and 2 months after OLT during the pre-HBIG era served as untreated controls.
Materials. Residual stored (at Ϫ70°C) sera collected during each clinic visit were retrieved. Paired sera pre-(collected at the time of OLT or within 6 months before OLT) and post-(at the time of reappearance of HBsAg) OLT from each patient were studied. In addition, follow-up sera were available for testing in 12 patients. The follow-up sera were collected 20 Ϯ 4 months after discontinuation of HBIG in the 9 patients who were still alive, and after 5, 6, and 10 months in the 3 patients who had died.
Methods. HBsAg, anti-HBs, and antibodies to hepatitis D virus were tested by commercially available enzyme immunoassay kits (Auszyme monoclonal, Ausab, and Anti-delta, Abbott Laboratories, North Chicago, IL).
Serum HBV-DNA Assay. Pre-OLT sera were tested for serum HBV DNA by a liquid hybridization assay (Genostics, Abbott Laboratories).
DNA Extraction, Polymerase Chain Reaction, and Sequencing of HBV S Gene. Protein in serum was digested by incubating 100 µL serum in a buffer solution containing (final concentration) 500 µg/mL proteinase K, 10 mmol/L TRIS-HCl (pH 8.0), 20 mmol/L ethylenediaminetetraacetic acid, 0.5% sodium dodecyl sulfate, and 1 µmol/L CaCl 2 at 50°C for 2 hours. Serum protein was removed using QIAquick spin columns (Qiagen Inc., Chatsworth, CA) according to the manufacturer' s instructions. The purified DNA was eluted with 50 µL of 10 mmol/L TRIS-HCl (pH 8.5), and used for polymerase chain reaction (PCR) amplification. Nested PCR was performed using primers flanking the entire S gene. For the first-round PCR, 5 µL of DNA was used in a reaction volume of 50 µL consisting of 10 mmol/L Tris-HCl (pH 8.3), 50 mmol/L KCl, 1.5 mmol/L MgCl 2 , 250 µmol/L of each dNTP, 0.3 µmol/L sense primer SS1 (5Ј-TTGGGGTG-GAGCCCTCA-3Ј, positions 3070-3086), 0.3 µmol/L antisense primer SAS1 (5Ј-GCAAAGCCCAAAAGACCCAC-3Ј, positions 1019-1000), and 2.5 units of Taq polymerase (Amplitaq, Perkin-Elmer Corp., Foster City, CA). For the second-round PCR, 1 µL of the first-round product was added to the same buffer, except that 0.6 µmol/L of each of the internal primers SS2 (5Ј-TGGTGGCTC-CAGTTC-3Ј, positions 61-75) and SAS2 (5Ј-GACATACTTTCCAAT-CAATAGG-3Ј, positions 991-970) were used. The reactions were performed in a Personal Cycler (Biometra Inc., Tampa, FL) with an initial denaturation step at 95°C for 2 minutes and 38 cycles at 94°C for 1 minute, 56°C (for first round, and 51°C for second round) for 1 minute, and 72°C for 3 minutes; and a final extension step at 72°C for 7 minutes. Five microliters of the second-round PCR product was run through a 1.5% agarose gel, stained with ethidium bromide, and examined with an ultraviolet transilluminator. Samples that were PCR-positive were purified using QIAquick spin columns. Purified HBV DNA was sequenced either manually with Sequenase version 2.0 kits (Amersham Corp., Arlington Heights, IL) according to the manufacturer' s instructions, or by the DNA Sequencing Core Facility at the University of Michigan Medical Center using the standard protocol for the Applied Biosystems DNA sequencer 373A (Perkin-Elmer Corp.). SS2, SAS2, SS3 (5Ј-CATCTTCTTGTTG-GTTCTTCT-3Ј, positions 427-447), and SAS3 (5Ј-CCCCCAATAC-CACATCATCCA-3Ј, positions 760-740) were used as sequencing primers. Each sample was sequenced bidirectionally using PCR products from two independent reactions.
Cloning. To determine whether mutations in the 'a' determinant detected in post-OLT samples were present pre-OLT and whether they persisted after HBIG was discontinued, PCR-amplified HBV DNA from selected samples were cloned into pCR3-Uni vectors (Invitrogen Corp., San Diego, CA) following the manufacturer' s directions. Briefly, first-round PCR products were amplified in a second-round reaction using the internal sense primer SS2 phosphorylated with T4 kinase and antisense primer SAS2. Ligation was performed at 14°C overnight. TOP10F'-competent Escherichia coli cells (Invitrogen Corp.) were used for transformation. Transformed bacteria were selected by plating on Luria-Bertoni agar in the presence of ampicillin at 100 µg/mL. Single colonies were replicated onto duplicate Luria-Bertoni-ampicillin agar plates. One set of duplicate plates was screened by colony blot hybridization on nylon membranes (NEN Research Products, Boston, MA) according to the manufacturer' s directions to detect clones containing the HBV S gene insert. The hybridization probe was derived from a T7 RNA transcript of a previously sequenced HBV S gene inserted into pCR3-Uni labeled with 32 P-dUTP (Amersham Corp.). Clones that were positive for HBV S gene were grown overnight in Luria-Bertoni broth containing 50 µg/mL ampicillin. Recombinant plasmids were recovered by standard alkaline lysis miniprep procedures. Purified plasmids were digested with the restriction enzymes Hind III and EcoRI. Plasmids that contained only one insert of the HBV S gene were used for sequencing with primers SS3 and SAS3.
Antigenicity Plots. To determine whether the changes in amino acid sequences of the HBV S gene in the post-OLT samples alter the predicted antigenicity of the HBV S protein, antigenicity plots of the entire HBV S gene sequences in paired pre-and post-OLT samples from each patient were performed using MacVector 5.0.1 (Oxford Molecular, Oxford, England). The antigenic index combines information from hydrophilicity, surface probability, and backbone flexibility predictions, along with the secondary structure predictions based Abbreviations: FHF, fulminant hepatic failure; CH, chronic hepatitis; C, cirrhosis; A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
*Anti-hepatitis D virus. †Tested by liquid hybridization assay.
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RESULTS
All 20 paired pre-and post-OLT samples from the study patients were HBV-DNA-positive by PCR assay, even though the pre-OLT samples from 9 patients were HBV-DNAnegative by liquid hybridization assay ( Table 1) . Comparison of the pre-OLT sequences of the 20 patients with 88 published sequences 16 showed that the predominant HBV genotype and subtype were A (9 patients) and adw2 (12 patients), respectively. Mutations were defined as rare if they were present in 1 to 2, and unique if they were absent in the 88 published sequences.
Frequency and Distribution of Amino Acid Changes in the S Gene
Post-OLT. The sequences of the pre-and post-OLT samples from each patient were compared to identify the nucleotide and amino acid changes in the S gene that were detected post-OLT (Table 1 ). Ten (50%) patients (5 were reinfected while still receiving HBIG, and 5 after HBIG was discontinued) had 18 amino acid substitutions involving the 'a' determinant in the post-OLT samples; all 10 had additional amino acid changes in the rest of the S gene. Among the 18 changes in the 'a' determinant, 9 (50%) involved the first loop; of these 9 amino acid substitutions, 6 may represent subtypic changes (125 threonine-methionine, 127 prolinethreonine, 131 threonine-asparagine, and 134 phenylalaninetyrosine), 1 was rare (126 threonine-alanine), 1 was unique (127 proline-serine), and the remaining 1 was a reversion from a unique to a common amino acid (134 isoleucinephenylalanine) ( Table 2 ). The other 9 (50%) changes in the 'a' determinant were clustered around codons 142-145 of the second loop (MHR); 3 amino acid substitutions at codon 143 
The amino acid and nucleotide sequences for HBV genotype B subtype adw2 are listed at the top; amino acid substitutions that are found in other genotypes and subtypes are indicated. Positions in which the pre-and post-OLT sequences are identical are represented by a dash (-).
Abbreviations: a, pretransplant; b, posttransplant. *R represents a mixture of A and G.
may represent subtypic changes, the 144 aspartic acid-toalanine substitution was a rare change, but the 5 substitutions affecting codons 142, 144, and 145 were unique (142 proline-serine, 144 aspartic acid-glutamic acid, and 145 glycine-arginine) ( Table 2 ). Three of these 10 patients had additional changes just upstream of the 'a' determinant. One patient (patient 6) had an amino acid substitution involving codon 120 (glutamine-proline), and 2 patients (patients 10 and 15) had amino acid substitutions involving codon 122 (lysine-arginine) that may change the subtypic determinant from 'd' to 'y.' 17 Seven (35%) patients had changes in the S gene that were entirely outside the 'a' determinant (Table 1) ; of these, one (patient 2) had an amino acid insertion between codons 120 and 121, just upstream of the 'a' determinant. Three patients (patients 4, 11, and 13) had identical sequences of the entire S gene in the pre-and post-OLT samples (Table 1) .
In total, 17 (85%) patients had one or more amino acid changes in the S gene post-OLT. The mean number of amino acid substitutions for the entire S gene was 5.9 Ϯ 1.7 (median, 3; range, 1-25). The mean ratio of amino acid substitutions to the number of codons was 0.075 for the 'a' determinant and 0.024 for the rest of the S gene (P ϭ .005); the mean value for the latter ratio decreased to 0.014 (P ϭ .001) if patients 15 and 19 were excluded (see below). Thus, apart from patients 15 and 19, mutations in the S gene outside the 'a' determinant were infrequent and tended to cluster around codons 40-45, 114-122, and 198-208 (Fig. 1) .
Patient 15 had a total of 25 amino acid changes in the entire S gene between the pre-and post-OLT samples ( Table  1 ). All of these changes led to a switch from genotype B, subtype adw2, to genotype D, subtype ayw3. 16, 17 Patient 19 had 22 amino acid changes between the pre-and post-OLT samples; 19 of these changes led to a switch from genotype B to genotype A, but the subtype remained as adw2 (Table 1) . Interestingly, of the 12 patients whose pre-OLT sequences were closest to subtype adw2, 9 (75%) developed mutations in the 'a' determinant post-OLT compared with only 1 (12.5%) of 8 patients whose pre-OLT sequences were closest to other subtypes (P ϭ .02) ( Table 1 ).
The two controls had no change in the 'a' determinant in the post-OLT samples.
Frequency of Amino Acid Substitutions in Relation to Duration
and Dose of HBIG Therapy. The amino acid substitutions in patients 15 and 19 may have been caused by superinfection with HBV of other genotypes/subtypes or selection from a mixed infection rather than widespread point mutations. Thus, they were excluded from the following analyses. Nine (50%) patients were found to have mutations involving the 'a' determinant or the immediate upstream region (codons 120-147). Patients who received HBIG for 6 months or longer were significantly more likely to develop mutations in this region (8 of 10 [80%]) than those who received HBIG for shorter durations (1 of 8 [13%]) (P ϭ .02). There was no difference in the mean total dose of HBIG received between patients with and those without mutations involving the 'a' determinant (47,000 Ϯ 6,400 U [range, 25,200-81,375 U] vs. 52,000 Ϯ 12,900 U [range, 6,000-130,000 U], respectively) (P ϭ not significant).
Detection of Post-OLT Changes in Pre-OLT Clones. Seven of the 11 patients who had amino acid changes in the 'a' determinant or immediately upstream region were randomly selected for cloning to determine if the changes detected in the post-OLT samples were present as minor species before OLT. Ten clones were obtained from the pre-OLT samples from 5 patients, and 8 clones were obtained from the other 2 patients. Of the 66 clones sequenced, only 5 clones (2 from patient 1, 2 from patient 6, and 1 from patient 15) had one of the amino acid changes that were detected post-OLT (Table  3) . With the possible exception of the glutamine-to-proline substitution at codon 120, these changes would not be predicted to have a significant effect on antigenicity.
Changes in Predicted Antigenicity of the Major S Protein. To determine the effect of amino acid changes post-OLT on the predicted antigenicity of the 'a' determinant and the major B-cell epitopes of the major S protein, we arbitrarily divided HEPATOLOGY Vol. 27, No. 1, 1998 the region spanning amino acids 110-160 into four domains: I (codons 110-123), II (codons 124-137), III (codons 138-147), and IV (codons 148-160), which represent the upstream region, first and second loops of the predicted secondary structure of the 'a' determinant, and the downstream region. In most patients, the observed amino acid changes resulted in changes in the predicted antigenic index of their respective domains (Table 4 , Fig. 2) . However, the same mutation can induce different changes in predicted antigenicity depending on the rest of the S gene sequence, as is evident in patients 3 and 20. Interestingly, the glycine-toarginine substitution at codon 145 produced more marked changes in predicted antigenic index in the downstream region than in the second loop of the 'a' determinant.
Reversibility of the Mutations in the 'a' Determinant Region. Of the 12 patients in whom follow-up samples were available, 7 (patients 1, 3, 6, 8, 15, 16, and 20) had changes in the 'a' determinant region in the post-OLT samples (Table 5 ). Direct sequencing of the follow-up samples showed that 6 of these 7 patients had reversal of some or all of the mutations, including the glycine-to-arginine substitution at codon 145. The other patient (patient 3) had one mutation only (145 glycine-arginine) in the post-OLT sample that persisted in the follow-up sample, which was collected 5 months after discontinuation of HBIG, shortly before he died. The follow-up samples in the 2 patients (patients 6 and 20) who had reversal of the 145 glycine-arginine substitution were collected 9 and 24 months after discontinuation of HBIG. Three new amino acid substitutions were detected in these 7 patients: 144 alanine-glycine in patient 1, 120 prolinethreonine in patient 6, and 126 isoleucine-threonine in patient 20. In total, mutations in 14 (78%) of 18 affected codons in the 'a' determinant region reverted to the pre-OLT sequences during follow-up; new sequences appeared in 3 codons, at least 2 of which were not de novo changes (see below), and only 1 codon retained the mutant sequence.
One additional patient (patient 2) had insertion of an arginine between codons 121 and 122 in the post-OLT sample that persisted in the follow-up sample. Four patients (patients 4, 9, 12, and 13) did not have any changes in the 'a' determinant, and immediately upstream region (codons 120-149) in the post-OLT samples, no new change was detected in this region in the follow-up samples.
To determine if reversibility of mutations was related to the heterogeneity of the post-OLT sequences and if the new amino acid substitutions detected in the follow-up samples were de novo changes, serial samples from 5 of the 8 patients who had changes in the 'a' determinant and immediately upstream region were cloned and sequenced. Although 50 (98%) of the 51 clones from the post-OLT samples had the mutant sequences, direct sequencing found that 8 (67%) of 12 mutations had reversed to the pre-OLT sequences in the follow-up samples. New sequences were detected in 2 codons (codon 120 in patient 6 and codon 126 in patient 20), but these sequences were present as minor species in the pre-OLT samples, indicating that they were not de novo changes. The remaining 2 mutations (121/122 insertion in patient 2 and 145 glycine-arginine in patient 3) persisted in all 19 clones from the follow-up samples. 
Abbreviations: aa, amino acid; AI, antigenic index.
DISCUSSION
In this study, mutations in the 'a' determinant and the rest of the S gene were detected in 50% and 85%, respectively, of the patients who were reinfected after OLT for HBV-related liver failure despite HBIG prophylaxis. There was a significant correlation between the development of HBV S mutations and the duration of HBIG therapy, suggesting that these mutants were induced or selected by immune pressure exerted by prolonged exposure to high levels of anti-HBs. Failure to detect any of the mutations in 93% of the pre-OLT clones suggests that these mutants were completely absent or present as very minor (Ͻ10%) species before OLT. The predominance of the mutants in the post-OLT clones and the reversion of mutations to the pre-OLT sequences after the withdrawal of HBIG provide further support that these mutations were induced or selected by HBIG. The exact reason(s) for a higher incidence of mutations in the 'a' determinant in patients infected with HBV subtype adw2 is not clear. It is possible that HBIG prepared in the United States has higher titers of antibodies against epitopes found in subtype adw2 because it is the most common subtype in this country. Since the publication of the beneficial effects of HBIG, 3, 4 it is no longer ethical to perform OLT on patients with HBsAg-related liver failure without prophylactic measures. We were only able to study paired sera from 2 patients who were transplanted in the pre-HBIG era. Both patients were reinfected shortly after OLT and had no mutations in the 'a' determinant post-OLT. Although the number of control subjects was small, these data support our hypothesis that the S gene mutations were induced or selected by HBIG.
Mutations were not detected in 3 (15%) patients. Clearly, other factors may contribute to HBV reinfection. Patients with replicative infection pre-OLT have higher rates of reinfection despite HBIG therapy. Other investigators have reported that a fixed dose regimen of HBIG may be insufficient to maintain constant titers of anti-HBs in these patients. 18 Two of the three patients who had no S mutation post-OLT were hepatitis B e antigen-and HBV-DNA-positive (by hybridization assay) pre-OLT, and were reinfected shortly after (1 and 2 months) transplantation. Reinfection in these patients may have occurred because of inadequate neutralization of circulating virus or release of virus from extrahepatic reservoirs.
Apart from the two patients who had a switch in HBV genotype/subtype post-OLT, mutations were concentrated in the 'a' determinant. Although the mutations were equally distributed between the two loops, mutations involving the first loop were scattered, and only 33% were rare or unique changes. By contrast, mutations involving the second loop (MHR) clustered around codons 142-145, and the majority (67%) were rare or unique changes ( Table 2) . Some of the rare or unique changes (144 aspartic acid-alanine and 145 glycine-arginine) have also been found in newborns of carrier mothers who developed HBV infection despite prophylaxis with HBIG and vaccination. 7, [19] [20] [21] The glycine-to-arginine substitution at codon 145 has been shown to reduce binding to monoclonal as well as polyclonal anti-HBs. 9, 11, 13, 22, 23 In addition, synthetic peptides with a proline-to-serine substitution at codon 142, aspartic acid-to-alanine substitution at 144, and glycine-to-arginine substitution at 145 have been shown to have reduced binding to anti-HBs compared with wild-type HBsAg. 23 Thus, some of the mutants that we detected post-OLT may have been induced or selected because of their ability to escape neutralization by HBIG.
Induction or selection of antigenic variants have been reported in other viruses in response to immune pressure. 24 Reversal to wild-type sequences upon removal of immune pressure is less well described. We found that 67% of the mutations reverted back to the pre-OLT sequences after withdrawal of HBIG, suggesting that, in the absence of immune pressure, the wild-type/pre-OLT sequences have survival advantage over the mutants. Not all of the mutations were reversed after withdrawal of HBIG. It is not clear if persistence of some of the mutations was related to the short duration of follow-up or presence of other factors that favored the continued presence of the mutants. Of the 2 mutations that persisted (insertion arginine 120/121 in patient 2 and 145 glycine-arginine substitution in patient 3), the 145 glycine-arginine substitution was reversed in most of the clones analyzed in two other patients (patients 6 and 20) whose follow-up samples were collected after a longer interval from withdrawal of HBIG, suggesting that the advantage of this mutation is lost when the immune pressure is removed. It is possible that the 145 glycine-arginine substitution might also reverse had patient 3 lived longer.
Most of the mutations that we detected result in changes in predicted antigenicity of the S protein. We acknowledge that our conclusion is based on mathematical modeling and may not necessarily reflect actual changes in antibody recognition. However, the formula we used takes into account multiple factors that determine antigenicity: hydrophilicity, surface probability, backbone flexibility, and predicted secondary structure. To confirm that specific epitopes were altered by the mutations, direct tests showing reduced binding to monoclonal anti-HBs are preferred. In view of the conformational nature of the HBsAg epitopes, the exact sequences necessary for the recognition of most monoclonal anti-HBs have not been precisely mapped. Waters et al. reported that mutant HBsAg with a glycine-to-arginine substitution at codon 145 failed to bind not only monoclonal antibodies RFHBs 4 and 7 that recognize the cyclical peptide 139-147, but also RFHBs1 that recognize the cyclical peptide 124-137. 13 Carman et al. also noted discrepancies between changes in binding to RFHBs 1 and 7 and the presence or absence of mutations in the putative recognition sites. 12 We found that the same mutation can induce different changes in predicted antigenicity depending on the rest of the S gene sequence (Table 4 ). In addition, the most significant changes in antigenic index may not be located at the site of the mutation, as in the case of the glycine-to-arginine substitution at codon 145. -20  a  10  ----I/9I, 1T  -----G/10G  b  11  ----I/11I  -----R/10R, 1G  c  10  ----T/6T, 3I, 1A  -----G/6G, 4R NOTE. Predominant amino acid sequence based on direct sequencing/amino acid sequence of individual clones. Abbreviations: a, pre-OLT; b, post-OLT; c, follow-up.
Mutations outside the 'a' determinant were uncommon, although our patients received polyclonal anti-HBs. This may be related to the fact that at least 50% of the anti-HBs that developed after recovery from acute hepatitis B or hepatitis B vaccination are directed against the 'a' determinant. 25 Mutations outside the 'a' determinant tended to cluster in three regions around codons 40-45, 114-122, and 198-208. Carman et al. also noted clustering of mutations in codons 44-49 12 ; this region has been recently shown to contain a major histocompatibility class I-restricted T-cell epitope of HBsAg. 26 The second region is immediately upstream of the 'a' determinant, and changes in this region may alter the conformation of the 'a' determinant. Amino acid insertions in this region have been reported to abolish binding to antiHBs. 27 The significance of the other mutation cluster region is not clear.
Mutations in the HBV S gene that disrupt the function of the overlapping P gene may not be tolerated. None of the mutations we detected result in premature termination of the P gene. The nucleotide sequence at codon 144 can be GAT or GAC depending on the HBV genotype/subtype. A change from GGA to AGA at codon 145 that results in a glycine-toarginine substitution will create a premature stop codon (TAG) if the third nucleotide at codon 144 is T. In this study, two of the three patients who had the glycine-to-arginine substitution at codon 145 had GAT at codon 144. This mutation was tolerated because both patients had additional changes that prevent the premature termination of the P gene. Patient 3 had a silent mutation from GAT to GAC, while patient 6 had a missense mutation from GAT to GAG (aspartic acid to glutamic acid). Thus, the worldwide detection of the 145 glycine-to-arginine mutation may be explained by the development of compensatory changes that permit its occurrence in all HBV genotypes in contrast to the precore stop codon mutation (A1896), which is restricted to geographical areas where the predominant HBV genotypes have T at nucleotide 1858. [28] [29] [30] In summary, we found that mutations in the HBV S gene, in particular the 'a' determinant, were common in OLT recipients who developed HBV reinfection despite HBIG prophylaxis. The significant correlation between the development of these mutations and the duration of HBIG therapy, the absence of these mutations pre-OLT, and the reversal of these mutations after withdrawal of HBIG suggest that these mutations were induced or selected by prolonged exposure to high levels of anti-HBs. Most of the mutations altered the predicted antigenicity of the respective domains. In addition, many of the mutations have been shown by other investigators to have reduced binding to anti-HBs. Our findings suggest that HBV S mutants that can escape neutralization by anti-HBs may play a role in HBV reinfection in OLT recipients who received HBIG prophylaxis. It remains to be seen whether the combination of HBIG and new antiviral compounds such as lamivudine will result in decreased frequency of HBV S mutations and whether mutants induced by one treatment will be susceptible to the other treatment.
